This paper presents the efficiency study of a 6-pole and 2-pole induction motor (IM), converted into a 6-pole and 2-pole permanent magnet synchronous machine (PMSM). Firstly, the stator of the IM was kept unchanged and the rotor was converted into a permanent magnet (NdFeB magnets) rotor, resulting in higher average efficiency. Secondly, we investigated how much the efficiency can be increased by replacing the electrical steel in the stator by another material grade. The numerical approach is based on the finite element method (FEM), taking into account the rotor movement. Iron losses are computed according to the loss separation theory. From measurements and simulations, it is observed that the efficiency increases significantly compared to the original IM. The average efficiency of the original 1.5 kW IM converted into the 1.5 kW PMSM led to a 14% higher efficiency in a speed range and torque range . When the stator iron is replaced by M235-35A laminations with the same geometry, the average efficiency increases by an additional 2% for the 1.5 kW PMSM with modified stator.
I. INTRODUCTION

C
OMPARED with an induction motor (IM), which is robust and cheap but where efficiency is low at low speed and power, an IM converted into a synchronous motor can be a solution to increase the efficiency. We investigated the efficiency of a 6-pole and 2-pole IM, converted into a 6-pole and 2-pole permanent magnet synchronous machine (PMSM). Therefore we kept the stator of the IM unchanged and the rotor was converted into a permanent NdFeB magnet rotor. This is similar to the line-start machine in [1] , but in our case the rotor bars were removed. We also investigated the efficiency influence by replacing the electrical steel in the stator by another material grade. To compare the several machines, we use the average and maximal efficiency that are defined in a torque range and in a speed range .
II. MODEL AND VALIDATION
To convert an IM into a PMSM a numerical model is made of the resulting 6-pole and 2-pole PMSM. The 6-pole PMSM is made with 158 mm outer diameter, 36 stator slots, 1.5 kW nominal power and 1000 rpm nominal speed. The other, 2-pole PMSM, is made with 160 mm outer diameter, 24 stator slots, 3.0 kW nominal power and 3000 rpm nominal speed. Fig. 1 shows the geometry of the 2-pole and 6-pole PMSM. Table I gives the properties of the 6-pole and 2-pole IM and PMSM. Each magnet pole consists of many magnet segments. These segments can be chosen in function of the number of stator slots in order to reduce the effect of vibration and noise. A similar approach is done in [2] for the combination of stator slots and rotor poles by evaluating the harmonic components of the local forces. [3] . As we used a single valued constitutive law, hysteresis is disregarded in FEM but the hysteresis losses are taken into account in the loss model. The iron losses in the stator depend on the time dependent induction waveform and its time derivative in each point of the stator. In different mesh points in the iron, induction waveforms were recorded while the machine was rotating (moving mesh technique). The hysteresis, classical and excess loss (iron losses) is computed for each waveform and for several load conditions. A time domain loss model was used to compute the iron losses and it is based on the loss separation theory of [4] and [5] . An alternative technique to compute the iron losses, without using a transient FEM, was presented in [6] .
Firstly, the loss model parameters were estimated based on loss measurements of the stator. This was done by removing the rotor from the machine and adding an excitation and a measurement winding around the stator lamination stack. Because of this, hysteresis loops could be measured inside the machine in order to identify the parameters in the static and dynamic hysteresis model. This method has an advantage compared to Epstein frame measurements or single sheet testers: it takes into account changes in magnetic properties due to mechanical stress and material degradation caused by cutting. A disadvantage is that the excitation pattern is different from practical working conditions in the machine.
Secondly, loss parameters were determined by a function based on five material specific coefficients that gives the loss in W/kg over a time period of the magnetic induction. The total average power loss at a given frequency is expressed as the sum of the hysteresis and the dynamic components. Coefficients and are fitted based on hysteresis loop measurements with peak inductions between 0.05 T and 1.8 T and 0.5 Hz frequency:
(1) with chosen equal to 1.0 T. The dynamic hysteresis loss in the time domain loss model was fitted by: (2) where is a perfect sine wave and , and are fitting parameters. If the electrical conductivity is known, can be found as with the sheet thickness and the mass density. Table II gives the fitted parameters for a range of steel grades.
The losses in the machine are computed using (1) and (2) for the (non-sinusoidal) -waveforms computed by FEM. The losses in the copper stator windings are computed from the enforced stator current and the measured resistance at the steady state temperature of 50 .
III. EFFICIENCY WITH ORIGINAL STATOR MATERIAL
The purpose in this paragraph is to investigate the efficiency improvement achieved by modifying the rotor of the IM into a permanent magnet rotor. Two test setups were made, one for the IM and another for the PMSM, both with the same stator.
Firstly we made a test setup for the IM. The test setup consists of the machine coupled to an absorption Dynamometer to measure how much torque, power or speed it can produce. The mechanical torques that were used varied between 0 Nm and 15 Nm for the 1.5 kW 6-pole machine and for the 3.0 kW 2-pole machine between 0 Nm and 9 Nm. The 1.5 kW motor was connected to a frequency converter and the frequency was varied between 5 Hz and 50 Hz in steps of 5 Hz. The other 3.0 kW motor was coupled to a perfect sinusoidal three phase voltage system, where frequency and voltage are variable. The voltage of the power source was rescaled proportionally with the frequency. A Voltech PM6000 power analyzer measured the electrical power of the motor and an optical tachometer measured the speed of the motor. A direct method to determine the efficiency of the machine is used, so the mechanical power on the shaft was divided by the electrical input power.
Secondly, the rotors were reduced in diameter on a lathe and magnets were glued on the surface, resulting in the geometry of Fig. 1 . The rotors were inserted in the original stators and the resulting PMSM's were tested on the same setup as the IM's. Note that the average efficiency is in a speed range and torque range . Fig. 2 shows the measured efficiency map of the first test setup (1.5 kW 6-pole IM). The stator iron of the 1.5 kW machine consist of M800-50A magnetic material. The average efficiency of the 1.5 kW 6-pole IM is 73.5%. The maximum efficiency is 82.0% and it is reached at nominal speed and about 1/2 of the nominal torque.
A. 1.5 kW 6-Pole IM and PMSM
The second test setup with the machine converted into a 1.5 kW PMSM with original stator (M800-50A) gives Fig. 3 . The average efficiency of the 1.5 kW 6-pole PMSM is 88.4%. The peak efficiency is 92.2% and it is reached at nominal speed and about 5/6 of the nominal torque.
Comparison between the 1.5 kW IM and the 1.5 kW PMSM shows that the average efficiency is about 14% higher and the peak efficiency is about 10% higher for the 1.5 kW PMSM than for the 1.5 kW IM. At low torque and low speed (less than 30% of nominal torque and less than 30% of nominal speed) the efficiency of the converted 1.5 kW PMSM is much higher than the efficiency of the 1.5 kW IM: 80% for the 1.5 kW PMSM while the 1.5 kW IM has an efficiency between 40 and 50%. The efficiency at nominal speed and torque of the converted 1.5 kW PMSM is 14% higher than the efficiency of the 1.5 kW IM. For validation of the numerical model, we computed the 1.5 kW 6-pole PMSM with the original M800-50A magnetic material based on the geometry of Fig. 1 . The result is shown in Fig. 4 , and is to be compared with Fig. 3 . The computed efficiency map with the original stator steel (M800-50A) results in an average efficiency of 88.3% and a maximum efficiency of 90.7%. The correspondence is good compared with Fig. 3 . Table III shows the measured peak and average efficiency of the 3.0 kW 2-pole IM (first test setup) and the converted 3.0 kW 2-pole PMSM (second test setup) with the original magnetic material (M800-50A).
B. 3.0 kW 2-Pole IM and PMSM
Comparison between the 3.0 kW IM and the 3.0 kW PMSM shows that the average efficiency is about 2% higher and the peak efficiency is about 3% higher for the 3.0 kW PMSM than for the 3.0 kW IM. The efficiency effect by the conversion of the 2-pole IM to PMSM is much less than for the 6-pole IM converted into PMSM. 
IV. EFFICIENCY WITH DIFFERENT STATOR MATERIALS
A second study was conducted to further improve this performance, by studying the influence of the magnetic material in the stator. Replacing the stator iron is much more effort than replacing the rotor: it requires punching of new laminations, mounting of the stack in the housing, and addition of new windings.
In this study the FEM of the 1.5 kW 6-pole and 3.0 kW 2-pole PMSM are simulated for different kinds of magnetic materials in the stator. The loss parameters for the loss model are shown in Table II . The influence on the efficiency of magnetic materials such as M235-35A, M250-50A, M330-50A, M330p-50A and M600-50A was investigated. After investigation of the influence on the efficiency, the M235-35A magnetic material had the highest peak efficiency for both PMSM's. Note that the M235-35A magnetic material is the thinnest and lowest loss grade considered in this study and that the average efficiency is in a speed range and torque range .
A. 1.5 kW 6-Pole PMSM Computed With Different Kinds of Magnetic Stator Materials
The computed efficiency map of the 1.5 kW 6-pole PMSM with M235-35A magnetic material is shown in Fig. 5 .
By using M235-35A magnetic material the peak efficiency of the 1.5 kW 6-pole machine increased from 90.7% to 94.1% especially at lower torque and high speed as expected. The average efficiency increased from 88.3% to 90.2%. average and maximum efficiency of the investigated material grades with the 1.5 kW 6-pole machine.
B. 3.0 kW 2-Pole PMSM Computed With Different Kinds of Magnetic Stator Materials
The computed peak and average efficiency of the 3.0 kW 2-pole PMSM with different kinds of magnetic material are shown in Table V . The M235-35A magnetic material has once again the maximum average and peak efficiency. Compared to the original M800-50A magnetic material the average efficiency increases about 1% and the peak efficiency increases about 2%.
V. CONCLUSION
The conversion of a 6-pole and 2-pole IM to a PMSM with the same stator was done by a minimum of effort. Experimental comparisons between the original 1.5 kW 6-pole IM and the converted 1.5 kW 6-pole PMSM have led to significant improvements in efficiency. The average efficiency of the 1.5 kW 6-pole machine increased with 14% (max. 10%), while the average efficiency of the 3.0 kW 2-pole machine increased with only 2% (max. 3%). The computed results of the PMSM's with M800-50A material were compared with the measured results of the PMSM's. A good agreement between these results confirms the validity of the numerical models. The conclusion is that the conversion of small IM to PMSM is more favorable when the number of poles is high, because the conversion eliminates the high magnetizing current of small IM with many poles. Further improvement was done by replacing the soft magnetic material in the stator of the PMSM. This results once more in an efficiency increasing. Compared with the original M800-50A magnetic material of the 1.5 kW 6-pole PMSM, the average efficiency increases about 2% (max. 3%) for the M235-35A material. For the 3.0 kW 2-pole PMSM the average efficiency increases about 1% (max. 2%). The gain of efficiency is lower than for the conversion IM into PMSM while the effort is larger. The conclusion is that the electrical steel for the lamination stack plays an important role in efficiency improvement.
